A microarray method for the deposition of bacteria onto an agar slide was developed to accelerate the formation of microcolonies. Representative microarrays each consisting of 40 micro-spots of five replicates of eight foodborne bacteria (Yersinia enterocolitica, Staphylococcus aureus, Salmonella typhimurium, Listeria monocytogenes, Enterobacter cloacae, Citrobacter freundii, Klebsiella pneumoniae, and Escherichia coli) were printed on a Brain Heart Infusion (BHI) agar slide using a contact micro-spotting robotic system. Within 3 h, sufficient bacterial cells were obtained to allow accurate identification of the microorganism by infrared spectroscopy. This approach allows a "complete-in-a-single-day" analysis of a large array of samples.
INTRODUCTION I
DENTIFICATION OF BACTERIA using traditional methods requires that samples be streaked on selective media and incubated for 24 h followed by an additional 6-24 h for biochemical bacterial identification, whereas most toxin identification procedures require lengthy and difficult purification of the toxin before testing (Feng, 2001; Iqbal et al., 2000) . It is quite obvious that depending on the type of bacteria or virulence gene to be identified, the process can take at least two days and in general much longer.
Furthermore, in the case of identification of pathogenic microorganisms present in a contaminated food product, the length of the procedure is further extended by the necessity of isolating the microorganisms from the food matrix. One way to accelerate the latter task would be to apply the novel microfluidic optical chromatography (Hart and Terray, 2003) , which involves trapping particles in the focus of a laser beam, whereby particles of different sizes can be separated based on their differences in refractive index.
Thus, a possible approach to the acceleration of the identification of microorganisms present in food could involve the application of newly developed technologies (Al-Khaldi and Mossoba, 2004; Al-Khaldi et al., 2002; Kuipers, 1999) in conjunction with Fourier transform infrared (FTIR) spectroscopy (Mossoba et al., 2001; Naumann et al., 1991; Whittaker et al., 2003) , which has been established as a rapid bacteria identification technique that requires little or no sample preparation once a pure culture is obtained (Maquelin et al., 2002) . However, before such an approach can be applied in food microbiology, protocols that would allow the culturing of each of the single cells collected by optical chromatography to acquire the biomass required for FTIR bacteria identification must first be developed and optimized. Such a protocol could entail sequentially collecting each separated cell in a different well of a microtiter plate containing an appropriate growth medium, followed by microarraying the different suspensions of intact cells onto agar slides for further growth into a microarray of pure microcolonies. This novel application of microarray technology has never been evaluated, and successful FTIR bacterial identification by the proposed approach hinges on the development of a reliable procedure for microarraying micro-colonies. In the present study, a procedure based on the new concept of applying contact-deposition printing technology to microarray intact bacterial cells as micro-spots on agar for subsequent bacterial identification by FTIR spectroscopy was undertaken.
MATERIALS AND METHODS

Organisms and growth conditions
The bacteria studied were isolates obtained from the FDA, Center for Food Safety and Applied Nutrition culture collection: Yersinia enterocolitica 289, Staphylococcus aureus ATCC 19075, Salmonella typhimurium DT104 (serotype 104 B), Listeria monocytogenes (scott strain), Enterobacter cloacae (FDA culture collection, unknown), Citrobacter freundii 200, Klebsiella pneumoniae KP73, and Escherichia coli (environmental isolates). The stock cultures were streaked onto Brain Heart Infusion (BHI) agar plates and incubated at 37°C for approximately 24 h.
Preparation of bacterial microarrays
Using a sterile 1-L disposable loop, a small amount of cells preferably from isolated colonies was carefully removed from the agar surface and suspended in 80 L of distilled water placed in a 2-mL microcentrifuge tube (ϳ10 7 cells/mL). These suspensions were transferred to the microtiter plate of a PixSys 5000 contact micro-spotting robotic system (Cartesian Technologies, Inc., Irvine, CA). Bacteria were printed on customized Brain Heart Infusion (BHI) agar slides (25 mm ϫ 75 mm) using a micro spotting pin CMP10B (ArrayIt-TeleChem International, Inc. Sunnyvale, CA). A 600-nL volume of bacterial cell suspension was taken from one of the 384 microtiter plate wells, and five ϳ6-nL droplets were sequentially printed on the surface of the BHI agar medium for each bacterial sample. Different bacterial cells will have different degrees of stickiness and consequently different amounts of cells would be delivered. After each bacterial printing, the pin was cleaned automatically using water and vacuum three times. In order to prevent further cross contamination of the pin and carryover between different bacterial samples, a well containing water was always left between wells containing bacterial samples in the microtiter plate. Using this strategy, the pin was programmed to dip into the well of the microtiter plate containing a sample and print five replicate spots separated by 1.8 mm, along a column. Different samples were arrayed in rows that were 2 mm apart (Fig. 1) . For each column, the size of the grown micro-colonies was slightly larger for the first spot (ϳ500-800 m in diameter) relative to the subsequent ones and smallest for the fifth one (ϳ300-400 m in diameter). After an incubation period of 2-3 h at 37°C, the customized BHI medium slide was checked under a light microscope to verify the absence of any growth between the printed samples.
Sample transfer to an infrared transparent slide
The microcolonies were then stamped onto a zinc selenide (ZnSe) slide (25 mm ϫ 75 mm ϫ 1 mm). On the slides, the diameters of the larger first spots were approximately 600 m and those of the smallest fifth spots were approximately 300 m. Stamping was performed by using a retrofitted (40 cm in height) drill press (Choo-Smith et al., 2001); the drill bit was replaced with a 2-cm-long thread to which the upper extremity of the vertical metallic stem of a rubber suction cup (1 cm in diameter) was attached. The center of the top side of the horizontally held ZnSe window was pressed against the bottom of the freely hanging suction cup. In order to stamp bacteria onto the ZnSe crystal, the press was slowly lowered until the underside of the crystal made gentle contact with the agar slide that was placed horizontally beneath it. A picture of a similar stamping device was published (see Figure 3A in Maquelin et al., 2002) .
FTIR transmission microspectroscopy
A Magna 550 FTIR spectrometer equipped with a Continum™ infrared microscope (Thermo, Madison, WI) and a 0.25-mm MCT detector was employed to record all the FTIR spectra of the samples. FTIR spectra were collected over a wavenumber range of 4000-600 cm Ϫ1 at a resolution of 8 cm Ϫ1 . To enhance the signal-to-noise ratio, 128 scans were co-added (approximately 1 min) and signal averaged for each micro-spot using a 100 m ϫ 100 m aperture. The estimated signal-to-noise ratio was 5000:1. Absorbance values were higher (1-1.4 absorbance units) for areas that were located close to the center of a spot than those that were near the outer edges (Ͻ1 absorbance unit). To minimize the variation in sample thickness, spectra were measured near the edges of spots. A reference background spectrum was measured from a clear portion of the ZnSe slide.
Infrared data analysis
The acquired FTIR spectra were imported as absorbance (*.SPC) files into the multivariate statistics program PIROUETTE™ 3.0 (InfoMetrix, Inc., Woodinville, WA). To minimize differences between absorbance spectra, such as baseline shifts, all the measured spectra were mean-centered and transformed to second-derivative spectra. In PIROUETTE™ 3.0 software, data analysis and investigation of clustering was accomplished by principal component analysis (PCA) and hierarchical cluster analysis (HCA) based on Euclidiean distances and the centroid linkage method (Kowalski, 1983; Massart, 1988) .
RESULTS AND DISCUSSION
For the first time and as a proof-of-concept, contact microarray deposition technology was applied to print foodborne bacteria onto agar slides for the purpose of acquiring microcolonies in very short incubation times. Five ϳ6-nL droplets were printed onto the surface of a glass slide coated with a thin layer of BHI agar. Isolated micro-colonies approximately 300-800 m in diameter (separated by ϳ2 mm) were observed within an incubation time of 2-3 h. Smaller micro-colonies could also be clearly discerned even after 60 min of growth time on the agar slide.
For each of eight foodborne pathogens from different genera, representative arrays of 40 micro-colonies were prepared from five different batches over a period of 2 weeks. The microcolonies were successfully stamped onto an infrared-transparent slide as outlined in the experimental protocol. The infrared spectra of the samples were recorded at an average rate of one bacterial spot per minute. A total of 102 replicate spectra (both same-day and differentday) from the different bacterial spots were acquired to model possible sources of spectral AL-KHALDI ET AL. 174   FIG. 1 . Picture of a portion of the 25 mm ϫ 75 mm agar BHI medium customized slide showing an example of an array of six representative bacterial samples that were printed and incubated at 37°C for 3 h. Each column represents a bacterial sample that was printed five sequential times at 1.8-mm intervals. Rows represent different bacterial samples that were printed 2 mm apart. These variable distances can be optimized to accommodate many more test samples per unit area.
variance due in the sampling procedure. Replicate spectra exhibited different intensities (Fig.  2) , with the intensity of the most intense band (the protein amide I band) varying between approximately 0.4 and 1.4 absorbance units. To minimize such sample-to-sample intensity variations and baseline shifts, spectra were mean-centered and transformed to second-derivative spectra prior to multivariate analysis of the spectral data.
Multivariate data analysis
A mean-centered PCA was performed on all 102 spectra comprising the training set, representing foodborne pathogens of eight different genera. PCA is a method of representing an mdimensional multivariate dataset (n samples measured in m variables, namely wavenumbers) in a smaller number of dimensions assumed to retain biochemical, or other, relevant information about clustering of the original infrared data (Kowalski, 1983; Massart, 1988) . The data set was fitted by the non-linear iterative partial least-squares (NIPALS) method to a new set of orthogonal axes; these axes are the principal component directions that describe the orientations of greatest orthogonal variation in the original dataset, and the projection of the original data onto the new axes are the principal component scores, which may be plotted to observe the clustering of the data. The modeling power algorithm for PCA employed in the present work indicates which variables are most important for describing the variation in the data leading to separation of clusters and allows the removal of those variables contributing mainly noise to the analysis. By utilizing this algorithm, the frequency ranges 1346-1273, 1203-1138, and 1057-968 cm Ϫ1 were found to exhibit the highest modeling power. These ranges encompass most of the spectral region of 1200-900 cm Ϫ1 that has been reported to be particularly sensitive and selective for differentiating between bacteria (Naumann, 1997). The bands in this region are due to the superposition of the C-O-C and C-O-P stretching vibrations of various polysaccharides (Naumann, 1997) . This optimal frequency range was found to be sufficient for the PCA model to explain 98% of the overall variance in the data using the first nine principal components (PCs), or factors.
HCA provided a graphical means of observing clustering of the 102 spectra in the training set by calculating the multidimensional Eu- 
